The temperature dependence of the spin-lattice relaxation of qualitatively by a relaxation process which involves hemedenatured nitrosyl hemoglobin (HbNO), nitrosyl myoglobin, pow-heme magnetic dipolar interactions between both kinds of dered HbNO, and hematin-NO was studied between 4 and 70 K. subunits (3). On the other hand, electron paramagnetic reso-
INTRODUCTION
mechanism with a fractal exponent, but they are interesting, providing information on two-level systems. These results The observed temperature dependence of the spin-lattice relaxation (SLR) time, T 1 , of metalloproteins is of the T n , stimulated the investigation of the SLR mechanism of denatured hemeproteins, in search of information on excitations Raman type with n, however, related to the fractal dimension of the polymers (1) . Relaxation of denatured azide methe-and dynamics of their disrupted structure which has no physiological function. moglobin has given further support for the effect of conformational changes on the relaxation process (2) . More reThis work aims to verify the effect of protein denaturation, as well as the importance of the presence of globin on the cently, iron in nitrosyl hemoproteins has been the subject of interest in relaxation studies (3) (4) (5) (6) .
SLR mechanism. The present paper is a continuation of the studies on the temperature dependence of the SLR of It was first observed that the T 1 value of nitrosyl myoglobin (MbNO) in solution at low temperatures (4.2 to 20 K) hemoproteins and involves observation of heat-denatured MbNO and HbNO, powdered HbNO, and nitrosyl hematin shows a linear temperature dependence. No attempt was made to identify the relaxation mechanism (4). More re-(hematin-NO). cently, measurements in solution and on powdered samples EXPERIMENTAL over a wide temperature range have shown an anomalous T n power law with n Å 2.2 { 0.3 (5). This result was Hb was prepared from fresh human blood using standard attributed to tunneling within localized states (7, 8) associ-procedures. Mb (horse heart, Sigma) was completely oxiated with the existence of conformational equilibrium in dized with K 3 Fe(CN) 6 and the excess was removed by gel hemoproteins.
filtration. Hematin (Sigma) was reduced with excess (2:1) The power-saturation studies between 1.4 and 4.2 K and sodium dithionite and kept under anaerobic conditions with the temperature-dependence above 80 K of EPR spectra of a N 2 flux. Solutions were 1 to 2.5 mM heme in phosphate nitrosyl hemoglobin (HbNO) crystals have shown a T 1 and buffer 0.1 M, pH 7 except for hematin which was dissolved spin-spin relaxation time, T 2 , behavior that was explained in pyridine. Nitrosylation was obtained by introducing nitric oxide (NO) gas directly into the previously deaerated EPR sample tube. Heat-denatured MbNO and HbNO were pre-* To whom correspondence should be addressed.
pared at 80ЊC for 5 h (9). Powdered samples were prepared † Instituto de Quimica, Universidade Federal Flumininse, Outeiro de São João Batista s/n, Niteroi, Brazil. using a Labconco 75200 lyophilizer. EPR measurements were performed in a E-9 Varian Xband spectrometer from 4 to 100 K, using a helium-flow cryostat (Helitran LTR-3-110). Temperatures were measured with a Au-Fe vs chromel thermocouple placed below the sample.
The half-saturation power, P 1/2 , and the SLR rate T 01 1 were estimated as previously described, using the continuous-saturation method (10, 11) . Although this is not the best method for obtaining absolute values of T 1 , the continuouswave-saturation method is adequate to obtain the temperature dependence and relative values of T 1 . It is commonly used in biological systems (12, 13) . This method is not strictly applicable for determination of the relaxation times of systems with dipolar coupling but it can still be used to estimate the magnitude of the dipolar-relaxation enhancement (14) . A value of the inhomogeneity parameter, b, of less than 1 suggests a dipolar interaction. Only hematin samples have b values slightly below 1 and a low degree of saturation as defined by Galli et al. (14) . For these samples, the fits were performed assuming that they were the inhomogeneous limit (b Å 1). In such a case, the dipolar interaction adds to the spin-relaxation mechanism as in (14) . The intensities of the g Å 2.07 and g Å 2.011 EPR lines in denatured samples and the g Å 2.07 signal in hematin were monitored as indicated in the spectra of Fig. 1 . The saturation conditions do not allow for the determination of P 1/2 at temperatures higher than 70 K. Thus, in the temperature range from 4 to 70 K, the dependence of T 
shown). At these temperatures, only the high-field line at g T
Å 2.07, which has a smaller contribution from other components, was used for saturation measurements.
In Fig. 3 , the temperature dependence of the SLR rates where n, A, B, D, and D are fitting parameters.
for denatured HbNO (Fig. 3a) , denatured MbNO ( Fig. 3b ), powdered HbNO (Fig. 3c) , and hematin-NO ( Fig. 3d) is
RESULTS AND DISCUSSION
presented. The solid and dashed lines correspond to the best fits of Eqs. [1] and [2] , respectively. It is seen that, except for hematin-NO, both fits to the experimental data are equivalent The EPR spectra were obtained as a function of temperature and microwave power. In Fig. 1 , the EPR spectra of within the experimental error. Analysis of the residual differences between experimental and calculated values confirms denatured MbNO and HbNO, and powdered HbNO at 6 K and 20 dB (á1.3 mW) are presented. The spectra are that the two fits are actually undistinguishable (Fig. 4) . Only hematin-NO is better fitted by the T n function (Fig. 4d) . asymmetric and show a well-resolved three hyperfine line, a structure characteristic of the penta-coordinated iron (15) .
For comparison, the parameters of these fits are listed in Table 1 , together with those from other references (5, 6) . We observed that the spectral shape does not depend either on temperature or on microwave power. Table 1 shows a T n dependence for the SLR rate with n Å 2.2 { 0.2 for native and powdered samples except for the EPR spectra of hematin-NO as a function of temperature at 22 dB are shown in Fig. 2 . Above 77 K, the spectrum HbNO solution. In the denatured samples and hematin, this exponent increases to 3.8 { 0.4. This temperature depenundergoes a change in shape similar to that observed in native HbNO at lower temperatures (about 30 K) (6). Below dence is associated with a model based on relaxation of a two-level system mediated by tunneling modes. The TLS 77 K, the spectra do not depend on the temperature and have a negligible dependence on microwave power (spectra not (tunneling localized 20) . Thus, the variation in the ligand geometry could be induced by these phonons. (5) can be extended to powdered HbNO, since frozen solutions of this complex also exhibit more than one binding conformation associated with the two-level system (6, 16).
In this model, the value of n is given by n Å 2 / l, where l is a parameter that relates the density of states, r(E), and the energy, E, by the expression r(E) É E l ; l is related to the value of the characteristic energy E max , the maximum energy of TLS, or the cutoff in the distribution of the asymmetry parameter of the double-well potential. There is a correlation between the l values obtained and the functional state of the protein. Native and powdered samples, which are reversible to native states, present low l values (0.2 to 0.4) when compared to the values of denatured proteins and hematin or to the values of 1.5 to 1.6 of inorganic amorphous materials (7) . From Eq. [2] , one obtains evidence for a low-lying energy level of 65 cm 01 for denatured HbNO, 51 and 77 cm 01 for denatured MbNO, and 75 cm 01 for hematin-NO. These values are higher than those obtained for the low-power component of native HbNO, 28 cm 01 (6), but they are still much lower than the difference in energy between the ground and gram of nitrosyl hemoproteins (17) .
second conformational state not detectable by EPR. This hypothesis is in agreement with the anomalous temperature dependence of the intensity of EPR spectra of these complexes which was attributed to the equilibrium between two different conformations (16) , one of which is EPR silent.
The l values obtained above for the TLS model correlate with the energy difference between the conformations at equilibrium. A higher cutoff of the asymmetry parameter is associated with a higher low-lying energy state.
In view of the fact that Eq. [1] fits almost all samples analyzed in Table 1 , we estimate the values of T 1 using this equation. Equation [2] would not yield significantly different results. The values of T 1 (s) can be estimated considering the linewidth and the Q factor of the cavity (11, 21) and are in good agreement with those obtained by pulsed methods (5) . Table 2 These results, supported by Fig. 3 , show that at temperatures lower than 11 { 3 K the principal contribution to the relaxation of denatured and hematin samples is that from the constant term. This term was not observed either in native or in powdered NO hemoproteins (5, 6) . This behavior could be explained by considering that, in the unfolded structure of denatured samples and in hematin, the interheme distances are sufficiently short to allow the spin-lattice relaxation to be dominated at low temperatures by cross relaxation between hemes.
Cross relaxation is possible only if the transitions have mation in bound heme. On the other hand, in the tunneling localized states model, the importance of structure-function relationship is observed and the similarity between proteins where m B is the Bohr magneton, ប is Planck's constant, r is and glasses is strengthened. In the T n temperature depenthe mean distance between heme groups, H is the magnetic dence of the SLR Raman rate in low-spin Fe(III) proteins, field, and u is the angle between the radius vector between the n value was at first interpreted in terms of the fractal two neighboring sites and the magnetic field. Using the value dimensions of the proteins (1). More recently, studies of of the constant term from Table 2 in Eq. [3] , we estimate copper as well as iron proteins have shown that the relaxation the distance between heme groups as 21 Å for hematin-NO behavior is not correlated with the fractal dimensions of a and 12 Å for denatured HbNO and MbNO.
protein (27) . The similarity in the n value of the Raman In the R structure, the distance between iron atoms of the rate for low-spin Fe(III) in heme proteins and in small molea chains is 36 Å and between iron of the b chains is 33 Å , cules, such as the low-spin Fe(III) porphyrin, suggests that while in the T structure the corresponding distances are 35 n is determined rather by the local heme environment than Å and 40 Å (25). A decrease of the distance between heme by the long-range structure of the protein (27) . Nevertheless, groups in denatured and hematin-NO samples as compared our results show that in nitrosyl hemoprotein, relaxation proto the values in the R or T structure of HbNO, together with cesses depend on the presence and structure of globin, as the total overlap between the spectral functions, makes cross shown by its effect on the characteristic exponents of the relaxation possible. temperature dependence. The NO ligand has proved to be From volume changes, we can roughly estimate the dis-more sensitive than low-spin complexes to the effects of the tances between hemes due to denaturation and dehydration. conformational equilibrium of hemoproteins. Dehydration decreases the volume by a factor of at least 50 while this factor is 2 for denaturation. The shortest mean
